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Abstract:

This paper considers the use of a highly sensitive acous-
tic emission method for studying the deformation and
failure processes of composite materials. This providesa
substantial amount of information about phenomena
occurring at the sub-micro, micro, and macro levels. How-
ever, the additional influence of various factors leads
to the problem of interpreting and identifying the infor-
mation yielded by this process. Addressing this problem
involves determining the influence of different factors on
acoustic emission-signal parameters and their sensitivity
to the influencing factors. In this study, during the failure
of composite material under transverse force according
to the Mises criterion, an analysis is conducted on the
impact of changes in the number of composite material
elements (damage area) on the amplitude-time param-
eters of the acoustic emission signal based on a devel-
oped signal model. The results of the simulation allow
for the identification and description of patterns in the
changes of amplitude-time parameters of acoustic emis-
sion signals (maximum amplitude, area under the signal
curve, and signal duration), with variations in the number
of composite material elements. These patterns enable
the determination of the sensitivity of acoustic emission
signal parameters to the influencing factor. The findings
of this study may be of interest in the development of
methods for monitoring, diagnosing, and predicting the
failure of composite materials and products through the
registration and analysis of acoustic emission signals.

Keywords: composite material, damage, acoustic emis-
sion, signal amplitude, signal energy, Mises criterion

1. Introduction

Composite materials (CM) are widely used in var-
ious industries due to their desirable physical and
mechanical properties, temperature resistance, and
durability [1-5]. Despite these advantages, composite
materials are susceptible to damage at the micro level
under static and dynamic loads, which can lead to
rapid failure processes that propagate in an avalanche-
like manner. Understanding and predicting these fail-
ure mechanisms has driven extensive theoretical and
experimental research, with the aim of developing
reliable criteria to assess CM conditions and prevent
failure [6-9].
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Among the various methods for studying mate-
rial failure, the acoustic emission (AE) technique has
proven particularly effective in monitoring the defor-
mation and fracture processes in composite materi-
als [10-12]. AE provides valuable information across
multiple scales-from sub-micro to macro-about the
internal structural changes during loading. However,
the complexity of the failure processes in compos-
ite materials introduces challenges in interpreting
AE data, making it difficult to accurately identify the
underlying damage mechanisms.

Existing AE models, such as the fiber bundle model
(FBM) [13, 14], have been instrumental in simulat-
ing composite material failure under uniaxial tension
and transverse forces. These models, while insightful,
often focus on the statistical representation of AE sig-
nals without fully addressing signal formation during
the failure of individual CM elements. For instance,
AE signals are commonly represented as stochastic
decaying signals, and their cumulative energy dis-
tribution is analyzed as failure approaches [15-17].
However, further research is needed to clarify how
specific factors, such as the extent of the damage
area, influence AE signal parameters during compos-
ite material failure.

This study addresses this gap by analyzing the
changes in amplitude-time parameters of AE signals
as the damage area in composite materials increases,
using the Mises criterion and the FBM model. The
study’s findings aim to enhance the accuracy of AE sig-
nal interpretation, providing a stronger foundation for
developing methods to monitor, diagnose, and predict
the failure of composite materials.

2. Analysis of Recent Research and
Publications

The analysis of failure processes in composite
materials includes both theoretical [18,19] and exper-
imental [20-22] studies. These investigations aim to
predict the stages of deformation and failure in CM.
Typically, two main approaches are used for assess-
ing damage in composites: the application of various
failure criteria based on stress analysis and the use
of damage mechanics methods, which examine the
evolution of damage (initiation and progression of
failures) [23]. In modeling, the finite element method
is used to calculate changes in stresses - stress waves
that are treated as AE waves [24].
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At the same time, various models are used to
analyze failure processes in composite materials: the
discrete damage model [25], the smeared damage
model [26], and others. The model of CM as a bun-
dle of fibers is also widely used for studying failure
processes [27,28]. These studies are conducted under
conditions of uniaxial tension and transverse force.

The fundamental aspects of the FBM model are
discussed in works [27, 29]. In the FBM model, CM
is represented as a discrete set of elements or fibers
that fail sequentially in a brittle manner upon reaching
their strength limit. The load at which failure occurs is
a random variable with a certain probability density.
When a single element fails, the load is redistributed
either uniformly across all remaining elements, or
to neighboring elements. Typically, analysis includes
studying the distribution of failure avalanches (by
size) and, accordingly, the distribution of AE energy
(A), with an analysis of the time approaching complete
failure [30-32].

Studies on the failure process of composite materi-
als using the FBM model are conducted under various
conditions. In [33], the authors consider the case of
random displacement of fibers with identical equilib-
rium lengths, caused by random spatial configuration
rather than by variability in failure thresholds.. The
analysis of the fiber failure process demonstrates the
presence of two distinct power-law distributions of
avalanche size.

In [34], the FBM model with fibers oriented ran-
domly is considered, introducing the amplitude of
interaction between the fibers and the CM matrix. A
single parameter quantitatively defining all interac-
tions between fibers and the matrix is analyzed. The
study examines changes in the density of undamaged
fibers depending on the applied forces; the amplitude
of interactions between fibers and the matrix; and the
system’s size.

It is shown that the failure process exhibits two
sequential periods separated by a delay duration,
leading to increased fiber elongation time.

In [35], a multi-scale model of a fiber bundle, rep-
resented as a hierarchical tree, is investigated. During
fiber failure, the load is transferred from upper to
lower elements within the hierarchy, with uniform
redistribution across all hierarchical levels. The study
explores the rate of failure development in CM across
different hierarchy levels, showing that increasing
the number of hierarchical levels reduces material
strength. The analysis of the failure process in CM
with the introduction of elastic-plastic behavior of
fibers into the FBM model is presented in [36]. This
work examines changes in the distribution of failure
avalanches and demonstrates that variations in the
exponent of the avalanche size distribution indicate a
transition from brittle to plastic failure in CM.

In [37],a model of nano-column arrays, with ran-
dom failure thresholds based on the FBM model, is
explored.

The study analyzes the impact of coordination
number and the number of hierarchical levels on sys-
tem strength, the size of catastrophic avalanches, and
the probability of failure. It is shown that the average
critical load decreases as the system size increases,
and the probability of failure follows a normal distri-
bution.

In [38], the FBM model is used as a basis for study-
ing seismic activity development before catastrophic
failure in heterogeneous materials, with the goal of
preventing destruction. The study reveals that the
pattern of load redistribution affects the macroscopic
type of failure, from plastic failure without stress con-
centration (global load distribution) to brittle failure
with localized load distribution; it also shows changes
in the avalanche size distribution law. The study deter-
mines thatavalanches and the associated emitted elas-
tic energy are not strictly equivalent, particularly in
cases characterized by localized load distribution and
brittle failure. Moreover, the increase in the number
of avalanches is more pronounced and occurs earlier
than the increase in global emitted elastic energy prior
to the complete failure of the fiber bundle.

Studies on the failure process of composite mate-
rials using the FBM model under transverse force are
conducted in [29,39], and relationships describing the
changes in equivalent stresses using the OR criterion
and the Mises criterion are derived. Expressions for
the number of remaining elements during the failure
process of CM have been determined, and the study
analyzes the patterns of changes in the number of
remaining elements, as well as the distribution of fail-
ure avalanches. Acoustic emission is also considered,
although not in terms of signal formation, but rather in
terms of AE energy release. The time period approach-
ing the complete failure of CM is also analyzed.

In [40, 41], the results of studies on the failure
process of granular materials under transverse force
using the FBM model are presented. The analysis
focuses on the rate of energy release during the fail-
ure of CM elements. The relationship between stress
jumps and AE events during the failure of CM elements
is determined. These studies do not address the signal
formation process of AE, but rather analyze the AE
energy release process.

Expressions for the number of remaining elements
in composite materials under transverse force, based
on the FBM model and using the “OR” criteria and the
kinetics of failure process development, are discussed
in [42]. The study shows that with an increasing load-
ing rate, the rate of failure development also increases.
This is accompanied by an increase in the amplitude of
the generated AE signal and a decrease in its duration;
these correspond to an increase in the rate of the
failure process in the CM.

In [43, 44], studies on the failure process of CM
under transverse force — using the FBM mode], failure
kinetics, and the Mises criterion -were conducted.
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These studies examined expressions for the num-
ber of remaining CM elements, as well as the AE signals
generated, during CM element failure. It was shown
that as the failure process develops, the number of
remaining CM elements decreases continuously over
time until complete failure occurs. This is accompa-
nied by the generation of a continuous sequence of
AE pulses. It was demonstrated that an increase in the
loading rate increases the amplitude and lowers the
duration of the AE signal.

The influence of CM properties on the energy
parameters of the generated AE signals was also con-
sidered. It was shown that as the parameter character-
izing CM properties increases, the amplitude, energy,
and duration of the AE signal all decrease. In [45], the
effect of the changing rate of the CM failure process on
the shape of the AE signal was examined, and it was
found that increasing or decreasing the rate of failure
development leads to the appearance of spikes and a
drop in amplitude at the trailing edge of the AE signal.

At the same time, there is interest in understand-
ing how the damaged area of CM affects the change
patterns in the parameters of the generated AE signals
during CM failure under transverse force according to
the Mises criterion.

3. Methodology
Research Method Overview

This study employs a modeling method to analyze
the parameters of acoustic emissions (AE) that occur
during the failure of composite materials (CM) under
transverse loading according to the Mises criterion.
The primary objective is to investigate the influence
of the number of composite material elements — which
determines the damage area — on the amplitude-time
characteristics of AE signals.

The modeling is based on the analysis of changes in
the equivalent stress in CM elements during their fail-
ure. A mathematical model was created to describe the
formation of AE signals as a combination of individual
impulses generated during the failure of each compos-
ite element. The initial parameters for the simulation
include the strain rate, threshold stresses for failure
initiation, and the physical properties of the composite
material.

The key results of the modeling focus on the rela-
tionship between the number of CM elements (dam-
age area) and the AE signal parameters, such as max-
imum amplitude, signal duration, and the area under
the signal curve. Analysis of these relationships pro-
vides insights into the sensitivity of AE signals to
changes in the structure of composite materials, which
is crucial for developing monitoring and diagnostic
methods for failure processes.

Modeling Conditions

The studies of acoustic emission under varying
loading rates and properties of compositional materi-
als in [43-45] were conducted by modeling AE signals
according to the following expressions:

U(t) = Ugvolom(t) — a(to)]

. eTlom(®)=00(to)] . o~ V0 ftto eTlom®)]-00(to)] '
(1)
where 0,,(t) and og(t,) denote the time-dependent
change in equivalent stress on the CM elements and
the threshold stress corresponding to the time ¢, at
the onset of CM failure; U, represents the maximum
possible displacement upon instantaneous failure of
the CM, which consists of N, elements; v, and r are
constants dependent on the physical and mechanical
characteristics of the CM.
The change in equivalent stress on CM elements
over time, according to the Mises criterion [30], is
described by the following expression:

om(t) = at - 0.5[(2 — 2Vat + at% log((1 + at)/

(1—at))) — atz 2 /(1 —Vat)/at

+log((1 + /1 —Vat)/(1 - 1 -VaD)))],
(2)

where o,,(t) represents the change in equivalent
stress on CM elements over time under a linear strain
input € = at (where «a is the deformation rate).

The threshold stress corresponding to the time ¢,
when CM failure begins is described by the following
expressions:

o (t) = at - 0.5[(2 — 2 /at, + at§ log((1 + aty)/

(1—aty))) — atg (24/(1 — Jaty)/at,
+log((1 + 1 - Jatg)/(1 - /1 - Jatp))],
3)

where « is the deformation rate of CM.

The main principles of generating a single dis-
turbance impulse during the failure of a single CM
element are discussed in [42]. According to these
principles, the maximum possible displacement U, in
expression (1) is directly proportional to the number
of elements N, in the CM, U, ~ Ny. When modeling the
AE signal according to expression (1), we will increase
the number of CM elements by factors of 2, 3, and
5, relative to the initial number of elements N,. The
modeling will be conducted in relative units.

The following parameter values will be used in
relative units. The deformation rate a will be set to
a = 20. The parameter vy, which characterizes the
properties of CM, will be set to ¥, = 100,000. The
parameter r, which characterizes the dispersion of CM
properties, will be set to # = 10,000. The results
of the calculation of the equivalent stress variation,
according to expression (2), at a deformation rate of
& = 20, are shown in Figure 1.
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Figure 1. Dependence in the variation of equivalent
stress over time, according to expression (1), during the
failure of CM based on the Mises criterion. The
deformation rate is set to @ = 20

The dependence exhibits nonlinear behavior. To
calculate the initial failure stress or critical stress g, =
a(ty), the failure time, t,, is set to ; = 0.001 (see
Figure 1). The calculation results, according to expres-
sion (3), show that the initial failure stress or critical
stress g, = a(ty), at the failure time £, = 0.001,
is 6, = 6 () = 0.016761288967306002. In the
calculations, the time interval between calculated AE
signal amplitude values-At,, according to expression
(1) -is Af, = 1.1077.

4. Results of Simulation

The results of the simulation, as a function of AE
signal amplitude over time with an increasing num-
ber of CM elements, are presented in Figure 2. The
results indicate that with an increase in the area of CM
destruction, both the amplitude and the duration of
the AE signal increase.

Figure 3 presents an analysis of the maximum
amplitude and duration of the AE signal with increas-
ing area of CM destruction. It is evident from Figure 3
that the change in maximum amplitude of the AE
signal with increasing CM destruction area follows a
linear trend. Change in duration of the AE signal with
increasing CM destruction area, on the other hand,
shows a nonlinear trend.

Analysis of the data with approximations for the
dependencies shown in Figure 3 reveals the following.
The dependency of the maximum amplitude of the AE
signal with increasing CM destruction area (Figure 3a)
is well-described by the following linear function:

Um =a+ bSKM! (4‘)

where Sk, is the area of destruction of CM, deter-
mined by the number of CM elements, and a and b are
the coefficients of the approximating expression, and
a = 0.00001 and b = 8.64634.

For describing the dependency shown in Fig. 3a
using expression (4), the correlation coefficient R
is 1, and the residual standard deviation is SD =
2.58199.107°.

Figure 2. Graphs of the variation in AE signal amplitudes
over time in relative units during the failure of CM
under transverse force, based on the Mises criterion,
with varying numbers of CM elements. Simulation
parameter values: ¥, = 100000; & = 20; ¥ = 10000;
to = 0.001. Number of CM elements: 1 — Ny; 2 — 2 - Ny;
3-3:Ny;4-4-Ny;5-5-Ny

The dependence of the duration of the acoustic
emission signal on the increase in the destruction area
of the composite material (Fig. 3b) is well-described
by the power function

Tc = dS¥, (5)
where Sg, is the area of destruction of the composite
material (KM), defined by the number of elements of
KM, d and w are the coefficients of the approximating
expression, and ¢ = 0.00102; w = 0.00055.

Expression (5) describes the dependency
shown in Fig. 3b; the coefficient of determination
is R2 = 0.99834, and the residual variance
SD? = 2.8395.10716,

We will calculate the area under the AE signal
curve in relative units using the expression

S~U == AEk Z 0i'
i

where i = 0.....; k is the index of the calculated AE
signal amplitude value at its duration %; Af;, is the time
interval between the calculated amplitude values of
the AE signal (Af, = const); and U is the ith calculated
amplitude value of the AE signal.

The results of the calculations - showing the
dependence of the area under the AE signal curve on
the increasing damage area (number of elements) in
CM under transverse force, based on the Mises crite-
rion - are presented in Figure 4.

The dependence of the change in the area under
the AE signal curve on the increase in the area of dam-
age to the composite material (Fig. 4) is well-described
by a linear function of the form

(6)

Sy =z +qSgm, (7)
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Figure 3. Dependencies of the maximum amplitude of
the AE signal (a) and the duration of the AE signal (b) on
the increasing damage area (number of elements) in
CM under transverse force, based on the Mises criterion
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Figure 4. Dependence of the area under the AE signal
curve on increasing damage area (number of elements)
in CM under transverse force based on the Mises
criterion

where Sgj; is the area of damage to the composite
material, determined by the number of CM elements,
and z and q are the coefficients of the approximating
expression, with z = —4.5.107%, and q = 0.77365.
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Figure 5. Dependencies of the percentage increase in
maximum amplitude (1), area under the signal curve
(2), and duration (3) of the AE signal on the increasing
number of elements (damage area) in CM

In describing the dependency shown in Figure 4,
the correlation coefficient for expression (7) isR = 1,
and residual standard deviation SD = 2.45133.1077.

To determine the sensitivity of the acoustic emis-
sion signal parameters to changes in the number of CM
elements, we performed calculations of the percent-
age increase in maximum amplitude, duration, and
area under the AE signal curve with the increase in
the number of elements of the CM(i.e.,, the damage
area). The results of these calculations are shown in
Figure 5, whered, % represents the signal parameter
(maximum amplitude, duration, and area under the
signal curve) in the analyzed AE.

Figure 5 indicates that the percentage increase in
maximum amplitude and the area under the AE sig-
nal curve are quite similar, whereas the percentage
increases in the duration of the AE signal changes only
slightly.

5. Discussion of Research Results

Research on acoustic emission during the defor-
mation and failure of compositional materials is aimed
at identifying patterns and criteria for monitoring and
assessing the condition of CM [10-12]. However, the
high sensitivity of the method to processes occur-
ring within the material structure - including the CM
itself - combined with the large volumes of informa-
tion generated and the influence of various factors
leads to challenges in interpreting and ensuring the
reliability of AE data [46].

In previous studies [42-44], the influence of vari-
ous factors on the parameters of AE signals during the
deformation and failure of CM was investigated based
on OR and Mises criteria, and for both [42,43], it was
demonstrated that an increase in the deformation rate
of CM leads to an increase in the maximum amplitude
of AE signals, as well as a decrease in their duration.
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The relationship between the change in ampli-
tude and the AE signals shows a linear increase,
while the change in signal duration exhibits a non-
linear decrease [43]. The data also indicate that the
increase in the maximum amplitude of AE signals pre-
cedes the decrease in signal duration. It was further
shown in [44] that as the parameters characterizing
CM properties increase, there is a decrease in maxi-
mum amplitude, maximum energy, and total acoustic
emission energy. These parameters exhibit a nonlin-
ear decrease. Notably, a reduction in total AE energy
precedes the decrease in maximum amplitude and
maximum energy of AE signals.

One of the factors affecting the parameters of AE
signals, according to expression (1), is the number of
CM elements or damage area of CM. According to [42],
this is directly proportional to the maximum possible
displacement upon the instantaneous failure of all CM
elements. This study investigates how the number of
CM elements affects the amplitude-time parameters of
AE signals and evaluates their sensitivity to this factor.

The results of simulating AE signals generated dur-
ing the failure of CM under transverse force, based
on the Mises criterion, indicate that an increase in
the number of CM elements (damage area) results in
a higher maximum signal amplitude and an increase
in its duration (see Figure 2). While the relationship
between the maximum amplitude of the signal and
the number of CM elements shows a linear increase,
the relationship between the duration of the AE signal
and the number of CM elements exhibits a nonlinear
increase (see Figure 3).

Statistical analysis of the simulation results, with
data approximation, shows that the dependence of
maximum signal amplitude on the number of CM
elements (Figure 3a) is well-described by a linear
function, while the dependence of AE signal duration
on the number of CM elements (Figure 3b) is well-
described by a power function. The approximating
expressions were selected based on their minimiza-
tion of residual standard deviation and residual stan-
dard variance.

Calculations of the area under the AE signal curve,
according to expression (5), show that the depen-
dence of the area under the AE signal curve on the
number of CM elements exhibits a linear increase
(see Figure 4). This dependence is well-described by
a linear function. The approximating expression for
describing the change in the area under the AE signal
curve with the increase in the number of CM elements
was selected based on its minimization of residual
standard deviation.

To compare the sensitivity of AE signal amplitude-
time parameters to changes in the number of CM
elements, the increase in maximum amplitude, area
under the signal curve, and signal duration were ana-
lyzed relative to their values at the initial number of
CM elements, N,,.

The results of the calculations (Figure 5) show
that, with an increase in the number of CM elements,
the increases in maximum amplitude and the area
under the AE signal curve outpace the increase in sig-
nal duration. Additionally, the increases in maximum
amplitude and the area under the AE signal curve are
nearly identical.

Data analysis reveals that when the number of
CM elements is doubled, the maximum amplitude of
the AE signal and the area under the AE signal curve
increase by 100% and 99.9%, respectively, while the
signal duration increases by only 0.039%. When the
number of CM elements is quadrupled, the maximum
amplitude and area under the AE signal curve increase
by 300% and 299.9%, respectively, with the signal
duration increasing by 0.079%. When the number
of CM elements is increased fivefold, the maximum
amplitude and area under the AE signal curve increase
by 399.9% and 399.9%, respectively, while the signal
duration rises by 0.088%. Such changes in AE sig-
nal parameters with the onset of initial damage are
likely attributed to the kinetics (self-acceleration) of
the damage process.

The results of the conducted research show that
under the given modeling conditions, the maximum
amplitude and the area under the AE signal curve are
the most sensitive parameters to changes in the num-
ber of composite material elements. These parameters
significantly precede the increase in the duration of
AE signals. The identified patterns of change in the
maximum amplitude and the area under the AE signal
curve as they relate to the varying numbers of CM
elements may be useful for developing methods for
monitoring, diagnosing, and predicting the failure of
CM based on AE signal registration.

At the same time, it is known that the most infor-
mative parameter of AE signals is their energy. Analyz-
ing the impact on the energy parameters of AE signals
of the number of composite material elements during
their failure under transverse force according to the
Mises criterion - as well as identifying the patterns of
their changes - will help determine their sensitivity
and improve the reliability of the methods for moni-
toring, diagnosing, and predicting CM failure based on
AE signal registration that have been developed.

6. Conclusion

This study investigated the influence of the num-
ber of composite material (CM) elements - repre-
senting the area of damage - on the amplitude-time
parameters of acoustic emission (AE) signals during
CM failure under transverse force, based on the Mises
criterion. The results demonstrated that as the num-
ber of CM elements increases, there is a proportional
rise in the maximum amplitude, the area under the AE
signal curve, and the signal duration. The relationship
between the number of CM elements and the maxi-
mum amplitude, as well as the area under the signal
curve, followed a linear trend, while the change in
signal duration exhibited a nonlinear growth pattern.



Journal of Automation, Mobile Robotics and Intelligent Systems

VOLUME 19, N°2 2025

Sensitivity analysis revealed that the increase
in maximum amplitude and signal area preceded
the increase in signal duration, with significant dif-
ferences observed as the number of CM elements
increased. Specifically, when the number of CM ele-
ments doubled, the maximum amplitude of the AE
signal and the area under the signal curve increased
by 100% and 99.9%, respectively, while the duration
of the AE signal increased by 0.039%. When the num-
ber of CM elements increased fivefold, the maximum
amplitude and the area under the AE signal curve
increased by 399.9% and 399.9%, respectively, and
the duration of the AE signal increased by 0.088%. The
results of the study indicate that the most sensitive
amplitude-time parameters of AE to changes in the
number of CM elements (the area of destruction) are
the maximum amplitude of the AE signal and the area
under the AE signal curve.

While the findings provide valuable insights into
the behavior of AE signals during CM failure, this
study is limited by the specific simulation conditions
and assumptions used in the modeling process. The
focus was primarily on amplitude-time parameters.
Thus, further research is needed to explore how other
AE characteristics - particularly energy parameters -
are influenced by changes in the number of CM ele-
ments under transverse force according to the Mises
criterion in order to determine the patterns of their
changes and their sensitivity to influencing factors.
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